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Abstract 

In the context of the littlest Higgs (LH) model, we study the contributions of 
the new particles to the branching ratio Rb- We find that the contributions mainly 
dependent on the free parameters /, c' and xl. The precision measurement value 
of Rh gives severe constraints on these free parameters. 
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I. Introduction 

It is well know that most of the electroweak oblique and QCD corrections to the Z ^ bb 
branching ratio Ri, cancel between numerator and denominator, Rb is very sensitive to 
the new physics(NP) beyond the standard model(SM). The precision experimental value 
of Rh may give a severe constraint on the NP[1]. Thus, it is very important to study the 
Z ^ bb process in extensions of the SM and pursue the resulting implications. 

Little Higgs models[2,3,4] provide a new approach to solve the hierarchy between the 
TeV scale of possible NP and the electroweak scale, u — 24:6GeV — {V2Gf)~^^'^- In these 
models, at least two interactions are needed to explicitly break all of the global symmetries, 
which forbid quadratic divergences in the Higgs mass at one-loop. Electroweak symmetry 
breaking(EWSB) is triggered by a Coleman- Weinberg potential, which is generated by 
integrating out the heavy degrees of freedom. In this kind of models, the Higgs boson is 
a pseudo-Goldstone boson of a global symmetry which is spontaneously broken at some 
higher scale / by an vacuum expectation value (VEV) and thus is naturally light. A 
general feature of this kind of models is that the cancellation of the quadratic divergences 
is realized between particles of the same statistics. 

Little Higgs models are weakly interaction models, which contain extra gauge bosons, 
new scalars and fermions, apart from the SM particles. These new particles might produce 
characteristic signatures at the present and future collider experiments [5, 6, 7]. Since the 
extra gauge bosons can mix with the SM gauge bosons W and Z, the masses of the SM 
gauge bosons W and Z and their couplings to the SM particles are modified from those 
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in the SM at the order of ya- Thus, the precision measurement data can give severe 
constraints on this kind of models[5,8,9]. 

Aim of this paper is to consider the Z bb branching ratio R^ in the context of the 
littlest Higgs(LH) model[2] and see whether the new particles predicted by the LH model 
can give significant contributions to Rf,. We find that, compare the calculated value of Rh 
with the experimental measured value, the precision data can give severe constraint on 
the free parameters of the LH model. 

The LH model has been extensively described in literature. However, in order to 
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clarify notation which is relevant to our calculation, we will simply review the LH model 
in section II. In section III, we discuss the effects of the new gauge bosons on the branching 
ratio Rb. We calculate the contributions of the top quark t and vector-like quark T to Ri, 
via the couplings Wtb, WTb, W'tb and W'Tb in section IV. The contributions of the new 
scalars to Rh are studied in section V. Discussions and conclusions are given in section 
VI. 

II. Littlest Higgs model 

The LH model[2] is embedded into a non-linear a model with the coset space of 
SU{5)/SO{5). At the scale ~ Anf, the global SU{5) symmetry is broken into its 
subgroup 5*0(5) via a VEV of order /, resulting in 14 Goldstone bosons. The effective 
field theory of these Goldstone bosons is parameterized by a non-linear a model with 
gauge symmetry [SU{2) x spontaneously broken down to its diagonal subgroup 

SU{2) X identified as the SM electroweak gauge group. Four of these Goldstone 

bosons are eaten by the broken gauge generators, leaving 10 states that transform under 
the SM gauge group as a doublet H and a triplet A new charge 2/3 quark T is also 
needed to cancel the divergences from the top quark loop. 

The effective non- linear Lagrangian invariant under the local gauge group [SU {2)i x 
C/(l)i] X [SU{2)2 X C/(l)2], which can be written as[5,9]: 

■^e// = £g + £f + £y + £i: — Vcw, (1) 

where £g consists of the pure gauge terms, which can give the 3— and 4— particle in- 
teractions among the SU{2) gauge bosons and the couplings of the U{1) gauge bosons 
to the SU{2) gauge bosons. The fermion kinetic term £f can give the couplings of the 
gauge bosons to fermions. The couplings of the scalars H and $ to fermions can be 
derived from the Yukawa interaction term £y- In the LH model, the global symmetry 
prevents the appearance of a Higgs potential at tree level. The effective Higgs potential, 
the Goleman- Weinberg potential Vciy[10], is generated at one- loop and higher orders due 
to interactions with gauge bosons and fermions, which can induce to EWSB by driving 
the Higgs mass squared parameter negative. £s consists of the a model terms of the LH 
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model. The scalar E field can be written as: 



(2) 



with (Eq) ~ / which generates masses and mixing between the gauge bosons. The ten 
pseudo-Goldstone bosons can be parameterized as: 
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(3) 



$ H^/^/2 j 

Where H is identified as the SM Higgs doublet, H = {H^, if °), and $ is a complex SU (2) 
triplet with hypercharge Y = 2, 

The kinetic terms of the scalar E field are given by 



v 



(4) 



i?E = ^rr{(L>,E)(L>^E)+}, 



where the covariant derivative of the E field is defined as: 



(5) 



D^E = a^E - ^ 5:[5,w7(g|E + Egf ) + g'^B^iy^Y. + ef/)], 



(6) 



where g^^ g'j are the gauge coupling constants, Wj, Bj are the gauge bosons, Qj and Yj are 
the generators of gauge transformations. The gauge boson mass eigen-states are given by 



W = sWi + cW2, W = -cWi + SW2, 
B ^ s'Bi + c'B2, B' ^-c'Bi + s'B2 



(7) 



with the cosines of two mixing angles, 
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\l 91+92 \l9i+. 
The SM gauge couphng constants are g = gis = g2C and g' = g[s' = g'2c' . 



(8) 



Prom the effective non-linear Lagrangian £, one can derive the mass and couphng 
expressions of the gauge bosons, scalars and the fermions, which have been extensively 
discussed in Refs.[5,9]. The mass spectrum of the LH model and the couphng forms which 
are related our calculations are summarized in appendix A , B and C, respectively. 

III. New gauge bosons and the Z ^ bb branching ratio Rb 

1. Corrections of new physics to the Z ^ bb branching ratio Rb 
In general, the effective Z ^ bb vertex can be written as: 

[glhYbL + g'nbRYbR] ■ z^ (9) 
with the form factors g'^ and g'}^: 



b b.SM , X b ^ / ^ , ^ c2 \ , X b 

91 = 9£ + ^Ql = g ^ (-0 + o^w) + ^9l, 

g'n - 9'k''' + S9'k-^{\s'w) + Sg'k. (10) 

Where Sw — sin 9w, Ow is the Weinberg angle. Sg'l and Sgj^ represent the corrections 
of NP to the left-handed and right-handed Zbb couphngs, respectively. Certainly, the 
corrections of NP to the Zbb couplings g'l and g'}^ may give rise to one additional form 
factor, proportional to a^^q^ . However, its contributions to Rf, are very small and can be 
ignored[l]. 

The branching ratio R}, can be written as: 

Here Fc is the width of the process Z cc. The partial decay width, Tq, of the Z ^ qq 
decay(g = u, d, c, s, and b) is given as[ll]: 

r,=6m+^)[igir+{g'kn (12) 

with To = The factor ^ contain contributions from the find state gluons and 

photons. In above equation, the masses of the final quarks are assumed to be negligible. 



Since the branching ratio Rb is the ratio between two hadronic widths, Rb is almost 
independent of the EW obhque and QCD corrections because of the near cancellation 
of these corrections between the numerator and the denominator. The remaining ones 
are absorbed in the definition of the renormalized coupling parameters a and Sw, up to 
terms of high order in the electroweak corrections[12]. Thus, Ri, is very sensitive to the 
NP beyond the SM. The correction of NP to Rb can be written as: 

xr> _ D tdSM _ + STb ^ STb STh . SM 

orcb — -tib itb - ^gj^ ^ ^^j^ ^ Tb Th 

' ^ {glY + W '^MY + {gn?] + ^[{glY + {gW ^' ^ ' 

In above equation, we have neglected the terms of Ol^Sgl^^"^]. In the next subsection, 
we will study the corrections of the new gauge bosons predicted by the LH model to the 
branching ratio Rb- 

2. The extra gauge bosons and the branching ratio Rb 

The LH model predicts the existence of the extra gauge bosons, such as W , Z' and 
B' . These new particles can generate corrections to the branching ratio Rb via mixing 
with the SM gauge bosons and the couphng to the SM fermions. The corrections to Rb 
mainly come from three sources: (1) the modifications of the relations between the SM 
parameters and the precision electroweak input parameters, which come from the mixing 
of the heavy W boson to the couplings of the charge current and from the contributions 
of the current to the equations of motion of the heavy gauge bosons, (2) the correction 
terms to the Zbb couplings g\ and coming from the mixing between the extra gauge 
boson Z' and the SM gauge boson Z, (3) the neutral gauge bosons Z' exchange and B' 
exchange. In the LH model, the relation between the Fermi coupling constant Gp-, the 
gauge boson Z mass mz and the fine structure coupling constant a{mz) can be written 
as [9]: 

■(^^-^')^ + 2c^^-7(^"-^"r^]- (14) 



_ na _ _g_c _ y ^ ^ 5 ^ 



So we have 
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(15) 



In our numerical calculations, we will take Gp = 1.16637 x 10~^GeV~'^, mz — 91.187Ge\^ 
and rrit — ITA.SGeV [13] as input parameters and use them to represent the other SM 
parameters. 

Due to the mixing between the gauge bosons Z and Z', the tree-level Zqq couplings 

gj^^^ and gjf^ receive corrections at the order of y^: 



SwCwP' 4 
e z/^ ,5 



5g'-' 

SwCw P 



R 



Sgr 



(16) 
(17) 
(18) 
(19) 



where Qi and Qj represent the down-type quarks(ci, s, h) and the up-type quarks(c, s) , respectively. 
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Figure 1: The branching ratio R^'^ as a function of the mixing parameter c for the mixing 
parameter c' = ^, / = ITeV, 2TeV, 3TeV and ATeV. 
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Using the same method as calculating the contributions of the topcolor gauge bosons 
to it!6[14,15], we can give the corrections of the neutral gauge boson Z' exchange and B' 
exchange to the Zqq couplings g\ and g\;. 

A„«-2 _ e^c^ m| M|, SM r„«,2 _ ^20^ 



rrir, 



An*'3 _ ^ \^ ^ f2^2^Z . J-^^B' q,,SM . . 

- ^A^9.r^2 „/2./2i^^O^ J 172~^^T;X^'R ' ^^^^ 



.11 2.2i!4, 

547r2C^s'2c'2^5 2 ^ ^ M| , m| 
«,-,3 _ 1 /2i2 "^1 , <?,-,SM 



- '''' 

Where Mz' and M^/ are the masses of the gauge boson Z' and the heavy photon B', 
respectively, which have been listed in appendix A. In above equations, we have used the 
expressions of the Z'qq and B'qq couplings given in appendix B. Adding all the corrections 
together, we obtain the total corrections of extra gauge bosons to Ri,: 

X b,G X b,l , c 6,2 , r 6,3 r b,G X b,l , c 6,3 /o^N 

09£ = og£ + dg£ + dg£ , dgji = dgj^ + (5c/^ , (26) 
^gf = 6gf-r8gf-r8gf, 5gf ^ 5gf 5gf 8gf . (27) 

Plugging Eqs.(15)-(27) into Eq.(13), we can obtain the relative correction given 
by the new gauge bosons. In our calculation, we have taken Rj^^ — R§^ + 5R^^ , Rf^ — 
0.21572, and Rf^ = 0.21664±0.00065[16]. Our numerical results are summarized in Fig.l 
and Fig. 2, in which we have used the horizontal sohd hne to denote the central value of 
Rl^^ and dotted lines to show the la and 2a bounds. In Fig.l(Fig.2) we plot i?^*^ as 
a function of the mixing parameter c(c') for c' — ^{c — ■^=) and the scale parameter 
/ = ITey (solid line), 2rey(dashed line), 3Tey(dotted line) and 4Tey(dotted-dashed 
line). From Fig.l and Fig. 2, one can see that the contributions of the new gauge bosons 
to Rb decrease as the scale parameter / increasing. For d — R^^ is insensitive to 
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the mixing parameter c and the value of SR^'^ is very small. For c — the new gauge 
bosons decrease the value of the branching ratio Ri, for c' > 0.72 and / > ITeV. To make 
the predicted Rb value satisfy the precision experimental value in 2a bound, we should 
have 0.57 < c' < 0.73 for / = ITeV. For c = ^, / > 2TeV, the predicted value of Rb 
is consistent with the precision experimental value Rl^^ within 2a bound in most of the 
allowed range of the mixing parameter c'. 
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Figure 2: The branching ratio i?^*^ as a function of the mixing parameter c/ for c — 
and / = ITeV, 2TeV, 3TeV and 4TeV. 



From above discussions, we can sec that the corrections of new gauge bosons to Rb can 
be divided into two parts: one part is the tree-level corrections coming from the shift in the 
Z couplings to quarks and the modifications of the relations between the SM parameters 
and the precision electroweak input parameters and the second part is the one-loop cor- 
rections coming from the neutral gauge bosons Z' exchange and B' exchange. To compare 
the tree-level corrections with the one-loop corrections, we plot R = \6RI~^°°^ /6R*i[^^~''^^^''\ 
as a function of the mixing parameter c' for / = 2TeV and c = in Fig.3. One can 
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see from Fig. 3 that the one- loop contribution is smaller than the tree-level contribution 
at least by two orders of magnitude in all of the parameter space. 
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Figure 3: The relative correction R as a function of the mixing parameter c' for / = 2TeV 
andc= ^. 

IV. The corrections of the top quark t and vector-Uke quark T to Ri, 

It is well known that Ri, is almost independent of the EW oblique and QCD correc- 
tions. However, for Zbb couplings, there is an important correction coming from the top 
triangle diagrams, which can not be ignored. They can generate significant m^— enhanced 
contributions to i?b[17]. Furthermore, the extra top quark predicted by NP can also pro- 
duce significant corrections to Rf, at one-loop [1,18]. In this section, we will calculate the 
corrections of the top quark t and vector-like quark T to R^ via the couplings Wtb, WTb, 
W'tb and WTb. The relevant Feynman diagrams are shown in Fig.4. 

Since the gauge bosons W and W can only couple to the left handed quark s, t, T and 
6, the top and vector-like top triangle loops have no contributions to the right-handed 
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Zbb coupling gf^. If we assume that the mass of the bottom quark is approximately equal 
to zero, then the corrections to the Zbb coupling g'^ generated by the Wtb and W'tb 
couplings can be written as: 



with 



X 



= (^'--^. (30) 

where Xt = {^^Y ^"^^ — iw^^' above equation, we have neglected the interference 
effects between gauge bosons W and W. 




Figure 4: Feynman diagrams for the contributions of the top quark t and vector-like quark 
T to the Zbb vertex . 

In the LH model, due to the mixing between the top quark t and the vector like quark 

2 

T, the tree-level Ztt couplings receive corrections at the order of j2, which also have 
contributions to the Zbb coupling g'^: 
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Figure 5: The branching ratio R^^ as a function of the mixing parameter c for / = 2TeV 
and three values of the scale parameter xl- 

The mixing angle parameter between the SM top quark t and the vector-like quark T is 
defined a,s xl — x^+x^ ' which Ai and A2 are the coupling parameters. 

The contributions of the vector like top quark T to Rb via the couphngs WTb and 
W'Tb can be written as: 



X b,3 



with 



' SwCw f 



a 



c 



\F,{xt) + ^FsK)] + i^[^2(a;T) + -F^{x'^)\} (32) 



In a; 



X — \ [x — ly X — 1 



(33) 



where xt — (^^)^ and = (j^^)^- The t — T contributions can be given by 
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(34) 
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Being CKM suppression, the contributions of the top quark t and vector-hke quark T 
to the couphngs of the gauge boson Z to other quarks(ii, c, d, s) are very small, which can 
be ignored. Then Eq.(13) should be changed as, for calculating the contributions of the 
quarks t and T: 



' ' Ugir + ig'kr 2My + ig%y] + ^[igiy + ig'ky'^' ^ ^ 
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Figure 6: The branching ratio R^^ as a function of the mixing parameter for c = 
and four values of the scale parameter /. 

In Fig. 5 we plot the branching ratio Rj^^ = R^^ + 6Rl + 6Rf as a function of the 
mixing parameter c for / = 2TeV and three values of the mixing parameter xl. One can 
see from Fig. 5 that the corrections of the top quark t and vector-like quark T to Rb are 
not sensitive to the value of the flavor mixing parameter c, while are strongly dependent 
on the mixing parameter x^. This is because the mass M^, of the heavy gauge boson 
W suppresses the contributions of the t and T quarks to Ri,. To see the effects of 
varying on R^, we plot R^^ as a function of for c = and four values of the scale 
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parameter / in Fig. 6. One can see from Fig.6 that the top quark t and vector-hke quark 
T can generate negative corrections to Ri, for / > ITeV and xl < 0.25, while they can 
give positive corrections to Rb for / < ATeV and xl > 0.66. 

V. The contributions of scaleirs to the branching ratio Rj, 




Figure 7: Feynman diagrams for the contributions of the charged scalars to the Zbb 
vertex via the couphngs ^tb and $T6. 



Since the doubly charged scalars can not couple to the SM fermions, so they have 
no contributions to Rb- The singly charged scalars can give contributions to the 
branching ratio Rb via the couplings and $T6. The relevant Feynman diagrams for 
the corrections of the charged scalars $^ to the Zbb couplings and are shown in 
Fig.7. 

Using the Feynman rules given in appendix C and other Feynman rules, we can give: 

Sg'A' = 0, 

Dw(-^W O^TT^I^ / 1 — Xl 
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with 

Aq = -g'jf^^ Bi{~Pi„ niy, M$) + g]f'^[2C*24^{Pb, -k, M<s>, rriq, nig) + Bo{-k, m/, rriq) 
-M|Co(P6, -k, M$, ruq, niq)] + m^g*£^^Co{Pb, -k, M$, ruq, ruq) 
+s''wC24i-Pb,k,mq,M^,M^), (37) 

where q represents the SM top quark t or the vector-hke quark T. Bi, Ci and Cij are the 
standard Feynman integrals [19], in which the variable is the momentum of h quark, k 
is the momentum of the gauge boson Z. 
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Figure 8: The branching ratio R^^ as a function of the scale parameter / for three values 
of the mixing parameter xl- 



Certainly, the neutral scalars and $° can also generate corrections to the Zhh 
couplings g\ and g'^ via the couplings H^bb and However, compared with the 

charged scalar contributions, the neutral scalar contributions are suppressed at least by 
the factor ^ and thus can be ignored. In order to get a positive definite mass M$ of 
the triplet scalars, we should have that the value of the ratio of the scalar triplet VEV 
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v' to the scalar doublet VEV v is smaller than To simply our calculation, we assume 
^ — In this case, the triplet scalar mass M$ given in appendix A can be written as: 
M$ = lOruHp/v^, which mn is the SM Higg mass. 
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Figure 9: The branching ratio R^^ as a function of ^ for / = 3TeV and xl — 0.2,0.5 
and 0.8. 

In Fig. 8 we plot the branching ratio R^^ — Rf^ + 5R^^ as a function of the scale 
parameter / for xl — 0.2(solid hne), 0.5(dashed hne), and 0.8(dotted line), in which we 
have taken the SM Higgs mass mn — 120GeV. We can see from Fig. 8 that the charged 
scalars $^ generate the negative corrections to the branching ratio R^. The negative 
corrections increase as the scale parameter / decreasing and the mixing parameter xl 
increasing. For the parameter / — > oo, the corrections of the charged scalars to Rb go to 
zero. However, the varying value of R^ is very small and is smaller than that generated by 
the new gauge bosons, the top quark t and vector-like quark T in most of the parameter 
space. 

To see the effects of varying the triplet scalar VEV u' on the branching ratio Rf,, we 
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take / = 3TeV, which means ^ < jj = 0.0205. The R^^ is plotted in Fig.9 as a function 
of ^ for / = 3TeV and three values of the mixing parameter xl- Prom Fig.9 we can see 
that the contributions of the charged scalars to Rb decrease as the value of the ratio ^ 
increasing for the fixed value of the parameter / and 'j; < fj- If we assume that the value 
of the ratio ^ goes to then the correction value goes to zero. 

VI. Discussions and conclusions 

The LH model predicts the existence of several scalars, new gauge bosons, and vector- 
like quark T. These new particles can generate corrections to the branching ratio Rb- 
Thus, the predicted value of Rb can be written as R^^ = R^^ + 5R^^ + 5R^'^ + 5R^^ in 
the LH model. So, using the experimental value Rl^^ , we might give the constraints on 
the free parameters of the LH model. 
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Figure 10: The predicted value of R^^ in the LH model as a function of the mixing 
parameter c' for four values of the scale parameter /. 

From above discussions one can see that the correction effects of the new particles 
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predicted by the LH model to the branching ratio Rf, decrease as the scale parameter 
/ increasing. The charged scalars generate the negative correction to Rb in all of the 
parameter space. The correction value increases as the mixing parameter xl increasing, 
which is very small. The contributions of the top quark t and the vector-like T are related 
to the parameters c and xl. However, they are insensitive to the parameter c, while arc 
strongly dependent on the parameters xl and /. The new gauge bosons, such as Z' and 
B', can give corrections to Rb at tree-level and one- loop. The one-loop contributions are 
smaller than the tree-level contributions at least by two orders of magnitude in most of 
the parameter space. These contributions are sensitive to the parameters c' and /. Thus, 
the total correction of the LH model to the branching ratio Rb is mainly dependent on 
the parameters /, c' and xl- Thus, we can take the parameters c and ^ as fixed value: 
c = 4j and ^ = ^ for calculating the total correction to Rb- 
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Figure 11: The predicted value of R^^ in the LH model as a function of the mixing 
parameter xj^ for four values of the mixing parameter d . 

In Fig. 10 we plot the branching ratio R^^ as a function of the mixing parameter d 
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for xl — 0.5 and four values of the scale parameter /. From Fig. 10 we can see that 
the value of R^^ decreases as the parameter c' increasing. For / = ITeV, the value of 
Rb is too large to consistent with the precision experimental value Rl^^ in most of the 
parameter space. Furthermore, the large value of the scale parameter / is in favor of 
the general expectation based on other phenomenological explorations. Thus, in Fig. 11, 
we take / — 3TeV and plot the R^^ as a function of the mixing parameter xl for four 
values of the parameter c'. From Fig. 11 we can see that the value of R^^ decreases as 
the parameter xl increasing. If we demand that the predicted value R^^ consistent with 
the precision experimental value Rl^^ within 2a bound for / = 3TeV, there must be: 

c' = 0.1, 0.16 <xl< 0.67; c' = 0.4, 0.25 < xl < 0.74; 




0.38 <xl< 0.84; c' = 0.9, 0.39 < xl < 0.83. 



If we take the small value for the scale parameter f, these constraints will became more 
strong. For example, for / = 2TeV and c' = c = we have 0.28 < xl < 0.65 in order 
to R^^ consistent with Rl^^ within 2a bound. 

Little Higgs models have generated much interest as possible alternatives to weak scale 
supersymmetry. The LH model is a minimal model of this type, which realizes the little 
Higgs idea. In this paper, wc study the corrections of the new particles predicted by the 
LH model to the branching ratio Rb. We find that the corrections of the neutral scalars to 
Rb is very small, which can be neglected. The charged scalars can generated the negative 
corrections to Rb- The new gauge bosons and fermions might generate the positive or 
negative corrections to Rb, which dependent on the values of the mixing parameters c, c' 
and Xl- If we demand that the contributions of the new gauge bosons and fermions cancel 
those generated by the charged scalars and make the predicted value R^^ consistent with 
the precision experimental value Rl^^, then the parameters xl, c' and / must be severe 
constrained. 
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Appendix A: The masses of the gauge bosons Z' and B' ^ triplet scaleir $, and 
the vector-Hke quark T. 

The masses of the gauge bosons Z\ B' and W can be written at the order of j^: 



/lf2 _ 2 c-2 r P _ -, , ^^W . S'd{(?s'^ + g^C^^) 



Ml, = m|c^(-^-l), (40) 



where niz is tlie mass of tlie SM gauge boson Z, v is the electroweak scale. 
For the triplet scalar we have 



where m// is the SM Higgs mass and v is the triplet scalar vacuum expectation value(VEV). 
The mass of the heavy vector-like quark T can be written as: 



where is the SM top quark mass, is the mixing parameter between the SM top 
quark and the heavy vector- like quark T, which is defined as = Af+)?' ^^"-^ are 
the Yukawa coupling parameters. 

Appendix B: The relevant coupling constants of the gauge bosons to fermions. 

gl = 0, (44) 
where V^^f^ is the SM CKM matrix element. In our calculation, we will take — 1. 



WTh: gl'^^^-x,Vr. ^? = 0. (45) 
Wth: gt = -^-Vi'', gi = 0. (46) 



V2S^ 



w 



s 
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ZVKVK _ „ZW'W' _ 



S- 



w 



Z'bb: g\^-^--. g'h = 

Z'tt: gl=^.^, gt^^O. 



Z'TT: g^=g^ = - {-Sw). 
n 00 : Or = —— c , = —— — c 



Appendix C: The coupling constants of the scalars to fermions. 



— ^KPL + m6Pi?](^-4-), 
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with f>i = i^, f>„ = itffi. 

V2i^ / u ]^ 1-xl 
The coupling vertex of the SM gauge boson Z to the charged scalars $■ 
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